RESEARCH
C hickpea (Cicer arietinum L.) is the second most important legume after beans, with a total production of 11.6 million tons (Mt) from 13.2 m ha. However, it ranks fifth in productivity after faba bean, pea, lupin, and lentil. India accounts for 70.7% of the world chickpea production followed by Australia (4.4%), Pakistan (4.3%), Turkey (4.2%), Myanmar (4.0%), Ethiopia (2.8%), Iran (2.5%), USA (0.84%), Canada (0.78%), and Mexico (0.62%) (FAO, 2011) . Chickpea seeds are rich in protein, starch, fiber, minerals, and vitamins, which make it one of the best nutritionally balanced pulses for human consumption ( Jukanti et al., 2012) . However, like any other pulses, the chickpea seeds also contain antinutritional factors, which can be reduced or eliminated by cooking. Chickpea fixes atmospheric nitrogen up to 141 kg ha -1 (Rupela, 1987) , which helps reduce the input cost for the current and the succeeding crop. The two distinct forms of cultivated chickpeas are desi (small seeds, angular ram's head shape, and colored seeds with high percentage of fiber) and kabuli (large-seeds, irregular rounded, owl's-head shape, and beige colored seeds with a low percentage of fiber) types. An intermediate form recognized as a pea-shaped type also exists and is characterized by medium The published information on the response of chickpea mini core accessions to stress revealed that 40 accessions had resistance to abiotic stress, 31 to biotic stress, and 24 had no resistance to either of the stresses. The abiotic and biotic stress resistant groups had six accessions in common. The mini core collection accessions were also a part of composite collection accessions in chickpea, which was genotyped using 48 simple sequence repeats (SSRs; BMC Plant Biol. 8:106, 2008) . The agronomic evaluation, stress response, and molecular profiling data on 93 accessions, including four controls, were used to identify genetically diverse germplasm with agronomically beneficial traits. A number of genetically diverse accessions possessing agronomically beneficial traits, such as ICC 440, 637, 1098, 3325, 3362, 4872, 7441, 8621, 9586, 10399, 12307, 14402, 15680, and 15686 , which meet breeders' needs, have been identified for use in breeding and genetics to map genomic regions associated with beneficial traits and as source materials for developing high yielding and widely adapted chickpea cultivars with multiple resistance to abiotic and biotic stress.
Mini Core Collection as a Resource to Identify New Sources of Variation
to small seed size and cream colored seeds. Both desi and kabuli are easily hybridized, but there are strong consumer and culinary preferences for desi or kabuli chickpeas. Chickpea is grown as a winter crop in the Indian subcontinent (October-November to March-April) on receding soil moisture, mostly on marginal soils. The main reason for low productivity in chickpea is the adverse ecologies in which it is cropped and its vulnerability to abiotic and biotic stress (Dwivedi et al., 2005 , and references therein). Drought, heat, and salinity among the abiotic stresses and fusarium wilt (Fusarium oxysporum f. sp. ciceri), dry root rot (Rhizoctinia bataticola), ascochyta blight (Ascochyta rabiei; AB), botrytis gray mold (Botrytis cinerea), pod borer (Helicoverpa armigera), and leaf miner (Liriomyza cicerina) among the biotic stresses are the major yield reducing constraints, which together cause annual yield loss of US$ 4.4 billion (Ryan, 1997) . About one third of these losses can be recovered through genetic enhancement of yield potential by augmenting the productivity genes and resistance to biotic and abiotic stress.
The cultivated chickpea has a narrow genetic base (Kumar et al., 2004 ) mainly because of the breeder's reluctance to introduce exotic germplasm (wild species, landraces, and exotic lines) due to the linkage drag often associated with the use of such germplasm in breeding programs. Thus, breeders tend to concentrate on adapted and improved materials and avoid wild species, landraces, and exotic lines available in genebanks (Nass and Paterniani, 2000) , thereby widening the gap between available genetic resources and their use in breeding programs (Marshall, 1989) . Large diversity among chosen parental lines is essential for the success of any recombinant breeding program, specifically when the traits under improvement are quantitative, highly variable, and show high genotype × environment interactions. Plant architecture and agronomic traits including yield and yield components, and response to crop husbandry are the most important agronomic traits and contribute to the yield potential of a genotype. Identification of source lines for different traits and utilizing them for recombinant breeding is critical for developing chickpea cultivars to meet the emerging challenges to agricultural production.
Availability of trait-specific germplasm and its judicious use is critical for the success of any breeding program. Reduced subsets of germplasm, such as core (Frankel, 1984) or mini core (Upadhyaya and Ortiz, 2001 ) collections, are a cost effective means of identifying accessions with desirable agronomic and nutritional quality traits and resistance or tolerance to biotic and abiotic stress. The chickpea mini core, which consists of 211 accessions and represent both geographical and biological diversity present in cultivated chickpea germplasm (Upadhyaya and Ortiz, 2001) , is an ideal resource for multilocation evaluations to identifying new sources of variation for use in chickpea breeding and genomics. The aims of the present investigation were to (i) assess agronomic performance of the chickpea mini core accessions, and (ii) identify traitspecific genetically diverse germplasm for use in breeding programs. We evaluated the chickpea mini core collection (Upadhyaya and Ortiz, 2001 ) accessions in multienvironment trials to assess the agronomic performance, while the previously published information on molecular profiling and response to abiotic (Serraj et al., 2004; Kashiwagi et al., 2005 Kashiwagi et al., , 2006b Kashiwagi et al., , 2008 Kashiwagi et al., , 2010 Vadez et al., 2007; Parameshwarappa and Salimath, 2008; Mulwa et al., 2010; Krishnamurthy et al., 2010; Upadhyaya et al., 2011; Zaman-Allah et al., 2011a and biotic stress (Pande et al., 2006; ICRI-SAT, 2009; Mulwa et al., 2010; Taran et al., 2010) was superimposed on agronomic data generated in the present study to identify genetically diverse accessions with beneficial agronomic traits.
MATERIALS AND METHODS
The experimental materials consisted of 211 chickpea mini core accessions and four controls (Annigeri, G 130, L 550, and ICCV 2) . Annigeri (ICC 4918) is an early-maturing desi cultivar adapted in peninsular India, while G 130 (ICC 4948), another desi cultivar but with late maturity, is adapted in northern India. L 550 (ICC 4973) is a high-yielding, mediumduration kabuli cultivar, tolerant to root knot nematode, but susceptible to fusarium wilt and ascochyta blight, and adapted to irrigated conditions in India (Dua et al., 2001) . ICCV 2 is an early-maturing and fusarium wilt-resistant kabuli cultivar, adapted in peninsular India (Kumar et al., 1985) .
The experiments were conducted in 7 Vertisols (Kasireddipally series-isohypothermic Typic Pellustert) (El-Swaify et al., 1985) water before flowering and three sprays of methomyl 40% SP. (Lannate) at 3 g L -1 of water from flowering to physiological maturity were given during the crop seasons. The plot size was 14402) were common as these were reported to be resistant to both abiotic and biotic stresses. The mini core accessions were part of a composite collection (3000 accessions) of chickpea , which was genotyped with 48 SSRs . A simple matching allele frequencybased distance matrix in DARwin 5.0 (Perrier et al., 2003) , based on 48 SSR loci data on 93 accessions, was used to construct a neighbor-joining tree diagram and identify genetically diverse accessions with agronomically beneficial traits.
RESULTS
The REML analysis of individual environments (data not provided) and pooled analysis across seven environments detected highly significant genotypic variance (s 2 g) for days to 50% flower, flowering duration, 100-grain weight, ) were recorded on a plot basis. The environment-wise genetic variance and pooled genetic and genotype ´ environment interaction variances were estimated using Residual Maximum Likelihood (REML), on GENSTAT software (VSN International, 2013) .
The published information on the performance of chickpea mini core accessions reporting resistance to abiotic and/or biotic stress (Table 2 ) was superimposed on agronomic data (days to 50% flower, flowering duration, 100-grain weight, and grain yield) to divide accessions into three distinct groups: abiotic stress resistant group (40 accessions), biotic stress resistant group (31 accessions), and a susceptible but agronomically desirable group (yielding at par or superior to controls; 24 accessions). Six of these accessions (ICC 2580, 3325, 6279, 6874, 12155, and ICC 283, 456, 637, 708, 867, 1205 , 1422 , 1431 , 1882 , 2263 , 2580 , 3325, 4495, 4593, 5613, 5878, 6874, 7441, 8950, 10399, 10945, 11121, 11944, 12155, 12947, 13124, 14402, 14778, 14799, 14815, 15868, 16524 ICC 4872, 5337, 7272, 7323, 8261, 16796, Kashiwagi et al., 2005 Parameshwarappa and Salimath, 2008; Krishnamurthy et al., 2010; Mulwa et al., 2010; Zaman-Allah et al., 2011a Salinity ICC 283, 456, 708, 867, 1431 , 2263 , 2580 , 3325, 4495, 4593, 5613, 5878, 6279, 6874, 7441, 9942, 10399, 10945, 11121, 11944, 12155, 13124, 14402, 14778, 14799, 15868, 16524 ICC 4872, 7272, 8261, 16796 Serraj et al., 2004 Vadez et al., 2007; Krishnamurthy et al., 2011b Heat ICC 283, 456, 637, 708, 1205 , 1882 , 2263 , 4495, 5613, 5878, 6874, 7441, 10945, 11121, 11944, 12155, 13124, 14402, 14778, 14799, 14815, 15868 -Krishnamurthy et al., 2011a Upadhyaya et al., 2011 Fusarium wilt ICC 1710 , 1915 , 2242 , 2990 , 3325, 4533, 5135, 6279, 6874, 7184, 7554, 7819, 12028, 12155, 13219, 13599, 14402, 14831, 15606, 15610 ICC 2277 Botrytis gray mold ICC 2990 , 4533, 6279, 7554, 7819, 11284, 12028, 12155, 13219, 13599, 15606, 15610 ICC 9848, 11764, 12037, 12328, 13816, 14199, 15406 Pande et al., 2006 Legume pod borer ICC 3325, 5135, 6874, 14402, 14831, 15606 ICC 15406 ICRISAT 2009; Mulwa et al., 2010 Herbicide ICC 2242 , 2580 , 3325 -Taran et al., 2010 and grain yield, which indicate that sufficient genetic variations exist for these traits in chickpea mini core accessions (Table 3 ). Significant genotype ´ environment (s 2 ge) interaction across seven environments as well across four irrigated and three non-irrigated environments highlights the specific adaptation and sensitivity of traits to the environmental variations. Genotypic variance (s 2 g) was also found highly significant for all of the four traits in irrigated and non-irrigated environments, while genotype ´ environment (s 2 ge) was significant for days to 50% flowering, flowering duration, and 100-grain weight in irrigated environments but only for 100-grain weight and grain yield in non-irrigated environments (Table 3) .
The mean grain yield of 40 abiotic stress resistant accessions across seven environments ranged between 701 and 1656 kg ha -1 , with ICC 15868 and ICC 14402 recording 12 to 18% higher grain yield over the best control, Annigeri (1407 kg ha -1
; Table 4 ). ICC 637, 7441, and 15868, among the desi types under irrigated environments, produced 11 to 15% greater grain yield than Annigeri (average grain yield 1504 kg ha ). ICC 7441, 14402, and 15868 combine resistance to terminal drought, salinity, and heat stress, while ICC 637 had resistance to terminal drought and heat stress (Kashiwagi et al., 2005 Vadez et al., 2007; Parameshwarappa and Salimath, 2008; Mulwa et al., 2010; Krishnamurthy et al., 2010 Krishnamurthy et al., , 2011a Krishnamurthy et al., , 2011b in pooled across 7 environments), were found high yielding in either irrigated or non-irrigated environments or across seven environments in comparison to the best control, L550 (mean grain yield 1042-1407 kg ha
). ICC 4872 is reported resistant to drought and salinity (Kashiwagi et al., 2005 Krishnamurthy et al., 2011b) . The drought and salinity resistant accessions, ICC 7272, 8261, and 16796 (Krishnamurthy et al., , 2011b Kashiwagi et al., 2005 Kashiwagi et al., , 2010 , had higher 100-grain weight (30-38 g) compared to L 550 (20 g). Likewise, ICC 5337 combines high Δ 13 C, transpiration efficiency, and root length density, all conferring resistance to drought (Kashiwagi et al., 2005 (Kashiwagi et al., , 2006a Zaman-Allah et al., 2011a ; however, it produced relatively low yield across environments (Table 4) .
The mean grain yield of 31 biotic stress resistant accessions across seven environments ranged between 842 and et al., 2011). ICC 14402 flowered at the same time as Annigeri (46 d), while ICC 15868 flowered 9 d later than Annigeri. Another drought, salinity, and heat stress resistant line, ICC 13124 Vadez et al., 2007; Krishnamurthy et al., 2010 Krishnamurthy et al., , 2011a Krishnamurthy et al., , 2011b Upadhyaya et al., 2011) , flowered 3 d earlier than Annigeri (46 d). It had larger seed size (32 g compared to 22 g of Annigeri); however, it yielded similarly (mean grain yield 1167 to 1427 kg ha 1656 kg ha -1 (Table 5) . ICC 5135 recorded 7% greater grain yield than Annigeri under irrigated environments, while ICC 3325 and ICC 14402, across seven environments, produced 9 to 18% higher grain yield compared to Annigeri (mean grain yield 1504 kg ha -1 under irrigated and 1407 kg ha -1 across seven environments). All three accessions were reported resistant to fusarium wilt (FW; Pande et al., 2006) Pande et al., 2006) , ICC 15606 to LPB (ICRISAT, 2009; Mulwa et al., 2010) , and ICC 2580 and ICC 3325 to herbicide (Taran et al., 2010) . None of the kabuli accessions in this group yielded greater than the best control, L550 (average grain yield across seven environments, 1262 kg ha -1 ). However, ICC 11764, 12328, 14199, and 15406 showed greater 100-grain weight (29-43 g) compared to L 550 (20 g 100 -1 grains). ICC 11764 and ICC 12328 were reported resistant to BGM and dry root rot (DRR); ICC 14199 to FW and BGM; and ICC 15406 to BGM and LPB (Pande et al., 2006; ICRISAT, 2009; Mulwa et al., 2010) .
The mean grain yield of 24 accessions agronomically desirable but susceptible to abiotic and biotic stress, across seven environments ranged between 1006 and 1506 kg ha -1 (Table 6 ). None of these accessions, either desi or kabuli types, produced significantly greater yield than the best controls. However, ICC 1098, 9586, and 12307 among desi types produced on average 11 to 15% greater grain yield than Annigeri (mean grain yield 1504 kg ha , while ICC 7255, 7668, 15333, and 15697, the kabuli types produced approximately 1200 kg ha -1 and 100-grain weight ranged from 26 to 38 g, which is 30 to 90% greater than the best control, L 550 (20 g).
Germplasm with multiple resistant traits, both abiotic and biotic stress, offer breeders opportunities to develop breeding and genetic mapping populations combining multiple resistances into an agronomically improved genetic background. A number of chickpea mini core accessions were reported resistant to both abiotic and biotic stress. For example, a drought and salinity resistant accession, ICC 3325, possesses resistance to FW, LPB, and herbicide (Odyssey), while ICC 6874, 12155, and 14402, in addition to possessing resistance to drought, heat, and salinity, also combine resistance to FW, LPB, or BGM (Pande et al., 2006; Mulwa et al., 2010; ICRISAT 2009; Taran et al., 2010) . Likewise, ICC 6279 is resistant to salinity, FW, and BGM, while ICC 2580 is resistant to drought, salinity, and herbicide. Of course, for complex constraints such as drought, we also have to consider the high likelihood of genotype ´ environment interactions, whereby the drought adapted genotypes selected here might not be suitable in all drought environments.
A neighbor-joining tree broadly separated the 93 accessions into four clusters (Fig. 1) . All the accessions possessing no resistance to either abiotic or biotic stress grouped in cluster I (mostly kabuli types) and II (all desi types). The stress resistant accessions grouped in clusters III and IV. Cluster III had more representation of abiotic stress resistant accessions while cluster IV populated with biotic stress resistant accessions. The abiotic stress resistant accessions were genetically more diverse as evidenced by a higher range of genetic distance between accessions (range 0.717 amongst 780 pairs) compared to those in the biotic stress resistant group (range 0.585 amongst 465 pairs) ( Table 7) . A number of genetically diverse pairs with resistance to stress and agronomic performance similar to the controls have been identified for enhancing the trait values. For example, ICC 12155 (drought, heat, salinity, FW, BGM) and ICC 5337 (root length density [RLD] , TE, and d 
DISCUSSION
Chickpea, like many other legumes, has a narrow genetic base due to bottlenecks associated with its domestication (Abbo et al., 2003) . In addition, the crop suffers from many abiotic and biotic stresses causing substantial yield losses to production (Dwivedi et al., 2005) . The crop is largely grown on marginal soils and poor crop management conditions. Chickpea does not respond to intensive crop management practices (high dose of fertilizers and more than two irrigations) to raise productivity as the crop has been developed under low input conditions Gaur et al., 2010) . More importantly, since resource-poor chickpea farmers are not able to adopt intensive management practices, genetic enhancement including resistance to abiotic and biotic stresses is the way forward to increase and stabilize chickpea production, dominated by resource-poor farmers in Asia and Africa. Identification of genetically diverse germplasm with beneficial agronomic traits and their use in breeding will accelerate development of chickpea cultivars adapted to varied agro-ecological conditions. Agronomic performance of stress resistant germplasm is a key factor in the choice of germplasm used in breeding programs. The chickpea mini core was evaluated for Table 6 . Susceptible (abiotic and biotic stress) subset of the chickpea mini core accessions for variation in days to 50% flowering, flowering duration, 100-grain weight, and grain yield, evaluated during the 2000 and 2001 to 2003 and 2004 postrainy four key agronomic traits (days to 50% flowering, flowering duration, 100-grain weight, and grain yield) in four irrigated and three non-irrigated environments. In the desi group, the abiotic and/or biotic stress resistant accessions such as ICC 7441, 3325, 5135, 6874, 12155, 13219, 14402, 15606 , and 15868 yielded similarly to the best control, Annigeri; however, their grain yield in many cases exceeded the mean grain yield of the desi types in the trial, with few accessions showing more specific adaptation to either irrigated or non-irrigated environments. None of the kabuli type accessions produced greater yield than the best control, L 550; however, many had 100-grain weight ranging between 30 and 43 g, far greater than L 550 (20 g).
In the present study, the genotype-based distance matrix grouped the stress resistant germplasm separately, cluster III and IV, to those susceptible to stress, which grouped in cluster I and II (Fig. 1) . Such a perfect grouping is seen only when there is a statistically significant Figure 1 . Clustering of 89 chickpea mini core accessions and four control cultivars into four groups: cluster I (susceptible kabuli types), cluster II (susceptible desi types), cluster III (mostly abiotic resistance), and cluster IV (mostly biotic stress resistance) based on simple matching distance matrix and unweighted pair group method with arithmetic mean (UPGMA) of 48 simple sequence repeat (SSR) marker data.
linear correlation between morphological and molecular similarities as recently evidenced among 19 maize inbreds (correlation ranged from 0.47 for inbred line L 217 to 0.76 for inbred L 86, average correlation over all studied inbred lines is 0.64) (BabiĆ et al., 2012) . Lack of correspondence between molecular-and phenotype-based clustering is probably due to no or a weak correlation coefficient between molecular and quantitative measures of genetic variation (Reed and Frankham, 2001; Johnson et al., 2007; Najaphy et al., 2012) .
Resistance to stress imposes a cost on the fitness of plants, which means that when breeders select for one trait, (Brown, 2002; Burdon and Thrall, 2003; Morris and Sands, 2006; Sadras, 2007; Vila-Aiub et al., 2009 ). However, deviation to this widely accepted generic view has also been reported in the literature. For example, reports in barley indicate a cost associated with the mlo gene for resistance to powdery mildew (Blumeria graminis) (Schwarzbach, 1976; Bjørnstad and Aastveit, 1990) , while others detect no cost associated with resistance to barley powdery mildew (Kølster et al., 1986; Kølster and Stølen, 1987) . In the present study, mean grain yield across the seven environments, for the abiotic resistant (1293 kg ha ). The biotic stress resistant accessions flowered 5 to 7 d later than the other groups, which flowered in 56 to 58 d. Such differences were also noticed in per day productivity; the biotic stress resistant accessions had lower mean productivity (18.8 kg ha ). The challenge is to minimize any possible negative trade-offs between yields (or yield components) and stress resistance. Trade-offs arising from linkage could be easily overcome through recombinant breeding coupled with rigorous selection for desired traits using applied genomic tools (Brown, 2002 , and references therein). Near-isogenic lines (NILs) are the ideal genetic resource to study the trade-off between resistance gene(s) and yield and yield attributing traits. The breeder's best approach in the situation of the negative trade-off would be to select moderate resistance along with good agronomic traits. An incremental increase in level of resistance might be the best approach to address negative trade-offs in crop breeding. Breeding efforts at ICRISAT and elsewhere have been successful in combining disease resistance into improved genetic backgrounds with high yield potential and specific adaptation. For example, short duration and resistance to fusarium wilt and/or heat tolerance has been successfully combined into newly developed Kabuli (ICCV 2) and desi (ICCV 88202) cultivars, which has extended the chickpea cultivation in tropical environments in India, Myanmar, Sudan, and Tanzania (ICRISAT, 2012) .
This study detected a number of germplasm lines that were agronomically comparable or superior to controls, have resistance to multiple stresses, and have specific adaptations to either irrigated (ICC 637, 7441, 10399, 15686) , non-irrigated (ICC 4872), or both environments (ICC 3325 and ICC 14402) . In the susceptible group, a number of accessions showed specific adaptation to either of the environments, for example, ICC 1098, 3362, 9586, and 12307 to irrigated, ICC 15680 to non-irrigated, and ICC 440, 1098, 3362, 8621 , and 12307 to both environments. These accessions are thus ideal resources to broaden and enhance the genetic base of chickpea allowing the crop to withstand the vagaries of global warming and sustain or increase chickpea production worldwide. These germplasm lines meet the needs of breeders and are genetically diverse with agronomically desirable characteristics for cultivar development. These accessions may also be used as founder lines to develop multi-parent advanced generation inter-cross (MAGIC) populations to map quantitative trait loci (QTL) controlling complex traits to a small confidence interval (Valdar et al., 2006a (Valdar et al., , 2006b . Such populations can also be used as source materials for the development of cultivars. Chickpea researchers worldwide can obtain limited seed samples of these accessions from ICRISAT genebank for research purposes through a Standard Materials Transfer Agreement.
